Centrosome biogenesis is a multi-step process that begins with centriole formation followed by PCM recruitment to form a functional organelle^[@R4]^. PCM recruitment begins with the formation of cytoplasmic protein complexes and requires Sas-4/CPAP^[@R3],[@R5],[@R8],[@R9]^. Recently, we reported that Sas-4, a protein known to have a role in centriole and PCM formation^[@R3],[@R10],[@R11]^, scaffolds centrosomal protein complexes (S-CAP complexes) which include Cnn, Asl, D-PLP, CP-190, and tubulin (αβ--tubulin dimer), and tethers the S-CAP complexes to centrosomes^[@R5]^. Sas-4 also exists in complexes with γ-tubulin^[@R9]^ and γ-tubulin ring proteins (S-γ-tubulin complexes), suggesting that Sas-4 may also be associated with the assembly intermediates of γ-tubulin ring complexes ([Figs. 1](#F1){ref-type="fig"}). S-γ-tubulin complexes are recruited to developing centrosomes in a Sas-4-dependent manner ([Fig. 2](#F2){ref-type="fig"}). Together, these suggest that Sas-4 regulates PCM recruitment via several protein complex types. Interestingly, it appears that tubulin exists in the multiple Sas-4 complex types ([Fig. 1b--d](#F1){ref-type="fig"}). Since tubulin is significantly more abundant than other centrosomal proteins, Sas-4 likely interacts with free tubulin prior to formation of the centrosomal protein complexes. If the Sas-4-tubulin interaction is a first step, then tubulin may regulate centrosomal complex formation and PCM recruitment.

We began testing this hypothesis, by comparing the abilities of Sas-4, which can bind tubulin, to a mutated version of Sas-4, which cannot bind tubulin. For this, we used an N-terminal fragment of Sas-4 (Sas-4-N) that includes Sas-4's tubulin binding site^[@R12],[@R13]^; we also used a mutated version of Sas-4-N (Sas-4-NΔT), which lacks the two amino acids essential for tubulin binding^[@R12],[@R13]^. As expected, Sas-4-NΔT failed to pull-down tubulin from embryonic high-speed lysates (HSLs). Surprisingly, Sas-4-NΔT pulled-down significantly more Cnn, Asl, D-PLP, γ-tubulin, and Grip128 than was pulled-down by Sas-4-N ([Fig. 3a](#F3){ref-type="fig"}). We then tested the effects of tubulin on the ability of Sas-4-N or Sas-4-NΔT to bind centrosomal proteins. Increasing amounts of tubulin progressively inhibited Sas-4-N's binding to centrosomal proteins but did not inhibit Sas-4-NΔT's binding ([Fig. 3b--c](#F3){ref-type="fig"}). These suggest that tubulin can negatively regulate the formation of centrosomal protein complexes.

To test this hypothesis *in vivo*, we generated transgenic *Drosophila* that express full-length Sas-4ΔT in the *sas-4^s2214^* null (*sas-4*Δ*T::sas-4^s2214^*). Sas-4ΔT failed to fully rescue the *sas-4^s2214^* phenotype of uncoordination^[@R14]^: *sas-4*Δ*T::sas-4^s2214^* flies stood but could barely walk ([Supplementary Movie](#SD1){ref-type="supplementary-material"}). Furthermore, *sas-4*Δ*T::sas-4^s2214^* sperm axonemes were abnormal ([Supplementary Fig. S1a](#SD3){ref-type="supplementary-material"}). These phenotypes suggest defects in centrosome biogenesis^[@R14],[@R15]^ and that tubulin binding to Sas-4 is essential for centrosome function and proper cilia formation. However, *sas-4*Δ*T::sas-4^s2214^* flies had correct numbers of centrosomes, indicating that Sas-4ΔT rescued this aspect of the *sas-4^s2214^* phenotype^[@R14]^ ([Supplementary Fig. S1b](#SD3){ref-type="supplementary-material"}). Thus, the Sas-4-tubulin interaction is not essential for maintaining centrosome number. Yet, *sas-4*Δ*T::sas-4^s2214^* spermatocyte centrioles were slightly shorter ([Supplementary Fig. S1c](#SD3){ref-type="supplementary-material"}). This is consistent with reports that Sas-4, and in particular, the tubulin-Sas-4 interaction is required for centriole elongation^[@R13],[@R16]--[@R18]^.

In addition to its well-known role in centriole formation, Sas-4 plays an important role in PCM formation and in regulating centrosome size^[@R3],[@R10],[@R11]^. Achieving proper centrosome size and capability requires Sas-4 and Cnn^[@R2],[@R3]^. Since Sas-4 scaffolds centrosomal complexes that include Cnn, regulation of Sas-4 complex formation may indirectly control centrosome size. Indeed, although Cnn is normally detected only in mitotic or meiotic centrosomes, interphase spermatogonium and spermatocytes centrosomes of *sas-4*Δ*T::sas-4^s2214^* contained Cnn ([Fig. 3d--e](#F3){ref-type="fig"})^[@R19]^. Moreover, mitotic and meiotic centrosomes of *sas-4*Δ*T::sas-4^s2214^* contained twice the Cnn immunolabelling as control centrosomes ([Fig. 3f](#F3){ref-type="fig"} and [Supplementary Fig. S2a](#SD3){ref-type="supplementary-material"}). Thus, tubulin can negatively regulate the timing, distribution and quantity of protein recruitment to centrosomes, via Sas-4.

In *Drosophila,* interphase centrosomes do not nucleate microtubules^[@R20]^. Since *sas-4*Δ*T::sas-4^s2214^* centrosomes prematurely contain Cnn and Cnn's human ortholog stimulates microtubule nucleation^[@R21]^, we tested whether the *sas-4*Δ*T* mutation affects microtubule nucleation. Interphase *sas-4*Δ*T::sas-4^s2214^* centrosomes had premature microtubule nucleation ([Fig. 3g](#F3){ref-type="fig"}) and their meiotic centrosomes had massive microtubule asters, which could fill a significant fraction of a cell ([Supplementary Fig. S2b--c](#SD3){ref-type="supplementary-material"}). Similarly, in cultured cells, Sas-4ΔT produced massive asters ([Supplementary Fig. S2d--e](#SD3){ref-type="supplementary-material"}). These results suggest that the tubulin present in wild-type Sas-4 complexes is not a building block of microtubule asters, but instead appears to be essential in the regulation of PCM recruitment.

To gain insight into how disruption of the Sas-4-tubulin interaction affects meiosis and mitosis, we analyzed spermatids and larval brain cells. We found that over 95% of *sas-4*Δ*T::sas-4^s2214^* round spermatids exhibit normal morphology, suggesting that meiotic cell division can conclude normally ([Supplementary Fig. S2f](#SD3){ref-type="supplementary-material"}). In larval brain cells, unlike control cells, which recruit significant amounts of Cnn and form robust asters only during mitosis^[@R22]^, some *sas-4*Δ*T::sas-4^s2214^* cells recruited Cnn and formed asters before entry into mitosis ([Supplementary Fig. S3a--c](#SD3){ref-type="supplementary-material"}). During mitosis, control larval brain cells have Cnn enrichment in only one centrosome^[@R22],\ [@R23]^, but in *sas-4*Δ*T::sas-4^s2214^* cells, Cnn was distributed more evenly to both centrosomes ([Supplementary Fig. S3d](#SD3){ref-type="supplementary-material"}). Finally, spindle orientation relative to Bazooka's crescent (a polarity establishment marker), were abnormal in *sas-4*Δ*T::sas-4^s2214^*, suggesting that these centrosomes have difficulty properly aligning their spindles ([Supplementary Fig. S3e--f](#SD3){ref-type="supplementary-material"}). Taken together, these results suggest that the interaction of tubulin with Sas-4 is essential for normal PCM recruitment and centrosome function in larval brain cells.

To better understand how tubulin operates in the regulation of PCM recruitment, we focused on the biochemical properties of the Sas-4-tubulin interaction. Tubulin is a guanine binding protein having GTPase activity, which hydrolyzes tubulin-GTP into tubulin-GDP^[@R7]^. Tubulin has a different conformation when present as tubulin-GTP versus tubulin-GDP and tubulin's confirmation acts as a molecular switch that regulates microtubule dynamics^[@R7]^. Therefore, we speculated that tubulin's confirmation might also regulate the formation of Sas-4 complexes. For this, we analyzed tubulin's binding to Sas-4-N in the presence of GDP or GMPCPP (a *non-hydrolyzable* GTP analog)^[@R24]^. Sas-4-N, which includes Sas-4's tubulin binding site, prevents microtubule polymerization when present in excess^[@R6],[@R12],[@R25]^. Tubulin-GMPCPP at 0.5μM (which is below the concentration necessary for microtubule polymerization^[@R26]^) had four-fold less binding to Sas-4-N than tubulin-GDP at the same concentration ([Fig. 4a](#F4){ref-type="fig"}). Similar results were obtained by isothermal titration calorimetry experiments, indicating that tubulin-GDP has a higher affinity for Sas-4 than tubulin-GMPCPP has ([Supplementary Fig. S4](#SD3){ref-type="supplementary-material"}). However, since the affinity of tubulin to Sas-4 appears to be high ([Fig. 3b--c](#F3){ref-type="fig"} and [Supplementary Fig. S4](#SD3){ref-type="supplementary-material"}) relative to the cytoplasmic concentration of free tubulin (\~10 μM^[@R27]^), it is likely that cytoplasmic Sas-4 is bound to either tubulin-GDP or tubulin-GTP. Therefore, it is possible that conformation of this bound tubulin (depending on which guanine is present) regulates the formation of Sas-4-containing complexes.

To test this, we purified and analyzed Sas-4 complexes from HSLs exposed to GDP or GMPCPP. Although the quantity of Sas-4 present in the purified complexes was unaffected by GDP or GMPCPP exposure, the amounts of other centrosomal proteins in the Sas-4 complex were affected. More specifically, HSLs exposed to GDP had 6 to 12 fold-increases in the amounts of particular centrosomal proteins relative to HSLs exposed to GMPCPP ([Fig. 4b--c](#F4){ref-type="fig"}). Therefore, when bound to tubulin-GDP, Sas-4 acts similar Sas-4ΔT in that it accumulatesexcess centrosomal proteins in its complexes. Perhaps, tubulin-GTP's binding to Sas-4 sterically hinders Sas-4's binding to other centrosomal proteins and tubulin-GDP reverses the steric hindrance, allowing Sas-4 to bind the centrosomal proteins. Together, it appears that Sas-4's binding to tubulin-GDP (but not tubulin-GTP) favors formation of centrosomal protein complexes.

To confirm this, we first tested whether Sas-4 complexes preferentially contain GDP. We immuno-purified Sas-4 complexes from embryonic HSLs treated with \[α^32^p\]GTP and analyzed the complexes using thin-layer chromatography. Tubulin that was not bound to Sas-4 contained \[α^32^p\]GTP, whereas purified Sas-4 complexes instead contained mostly \[α^32^p\]GDP, which is the hydrolyzed product of \[α^32^p\]GTP ([Fig. 4d](#F4){ref-type="fig"}). Sas-4N, but not Sas-4NΔT, was able to pull-down GDP ([Fig. 4e](#F4){ref-type="fig"}). Accordingly, when in a Sas-4 complex, tubulin binds GDP.

Second, we tested the effects on the composition of Sas-4 complexes of treatments with Griseofulvin, a compound that changes tubulin's conformation and induces hydrolysis of tubulin's bound GTP into GDP^[@R28]^. Griseofulvin increased the quantity of centrosomal proteins in purified Sas-4 complexes ([Fig. 4f--g](#F4){ref-type="fig"}); this is consistent with our data of HSLs exposed to GDP ([Fig. 4b--c](#F4){ref-type="fig"}). Together, these suggest that tubulin's conformation can regulate the formation of cytoplasmic Sas-4 complexes.

We then studied how tubulin modulates PCM recruitment. Typical GTP-binding proteins (G-proteins), i.e., heterotrimeric G-proteins and the small GTPases belonging to the Ras superfamily, act as molecular switches whose function depends on its GTP- or GDP-bound state. G-proteins have both low intrinsic GTPase and guanine exchange activities and require GTPase activating proteins (GAPs) and guanine exchange factors (GEFs) as catalysts^[@R29],\ [@R30]^. Accordingly, we tested whether tubulin can exhibit the characteristics of a typical G-protein during PCM recruitment by acting as a molecular switch.

It is known that free tubulin has low intrinsic GTPase activity and exists as tubulin-GTP^[@R7]^. Therefore, if a tubulin switch is involved in PCM recruitment, it is expected that a GAP exists which induces tubulin to hydrolyze its bound GTP into GDP. We tested whether Sas-4 functions as a tubulin GAP and found that Sas-4-N enhanced the intrinsic GTPase activity of tubulin, as measured by the release of inorganic phosphate ([Fig. 5a](#F5){ref-type="fig"}). This suggests that Sas-4 can function as a tubulin GAP.

Tubulin is known to have high guanine exchange activity and readily exchanges its GDP with GTP^[@R31]^. On the other hand, although tubulin-GTP disfavors the formation of centrosomal protein complexes ([Fig. 4b](#F4){ref-type="fig"}), Sas-4 complexes are quite stable regardless of whether they are exposed to GDP or GMPCPP ([Supplementary Fig. S5a--c](#SD3){ref-type="supplementary-material"}). Therefore, for a Sas-4 complex to remain stable, tubulin's guanine exchange activity must remain low. To assay the effects of Sas-4 on tubulin's guanine exchange activity, we added \[α^32^p\]GTP to tubulin bound to Sas-4 (Sas-4-N) or not bound to Sas-4 (Sas-4-NΔT). The amount of exchanged \[α^32^p\]GTP was then determined by scintillation counter and thin-layer chromatography ([Fig. 5b](#F5){ref-type="fig"}; [Supplementary Fig. S5d](#SD3){ref-type="supplementary-material"}). Consistent with previous reports, tubulin had a high rate of guanine exchange in the absence of bound Sas-4^[@R31]^. In contrast, GTP exchange was not observed in the presence of Sas-4. These suggest that Sas-4 inhibits tubulin's guanine exchange activity and can stabilize the Sas-4-tubulin complex.

Eventually, Sas-4 complexes are recruited to centrosomes. So, we tested how centrosomes affect guanine exchange and the stability of Sas-4 complexes. In the presence of centrosomes, tubulin did not have an increase in guanine exchange when tubulin is unbound to Sas-4 ([Fig. 5b](#F5){ref-type="fig"}; [Supplementary Fig. S5d](#SD3){ref-type="supplementary-material"}). This indicates that centrosomes cannot increase the intrinsic guanine exchange activity of tubulin. In contrast, in the presence of centrosomes, tubulin's guanine exchange was significantly increased when tubulin is bound to Sas-4. Therefore, centrosomes appear to undo Sas-4's inhibition of tubulin's guanine exchange activity. Consistently, centrosomes also destabilize the Sas-4-tubulin interaction ([Fig. 5c](#F5){ref-type="fig"}). In the absence of centrosomes or in the presence of centrosomes exposed to GDP, Sas-4-tubulin complexes remained stable; however, in the presence of centrosomes exposed to GMPCPP, Sas-4-tubulin complexes were destabilized and dissociated, potentially allowing Sas-4 to be released into the cytoplasm ([Fig. 5c](#F5){ref-type="fig"}).

To further test this, we mixed isolated centrosomes, purified Sas-4 complexes, and either GMPCPP or GDP. The reaction mixture was subjected to velocity sedimentation, which pelleted centrosomes along with their bound proteins^[@R5]^. When exposed to GDP, Sas-4-complex proteins, Sas-4, and tubulin were in the pellet ([Fig. 5d](#F5){ref-type="fig"}), indicating that the Sas-4 complexes were bound to centrosomes. However, when exposed to GMPCPP, the Sas-4-complex proteins were in the pellet, yet some Sas-4 and tubulin were released into the supernatant. This indicates that centrosomes have guanine exchange activity that releases Sas-4 and tubulin from Sas-4 complexes, whereas other complex proteins remain in the centrosome ([Fig. 5d](#F5){ref-type="fig"}). This is consistent with the observation that Sas-4 traffics between centrosomes and cytoplasm^[@R8]^.

PCM recruitment is tightly coupled to the cell cycle^[@R32]^. Mathematical models^[@R33]^ and analyses of global cytoskeleton remodeling^[@R34]^ predict that microtubule breakdown releases tubulin-GDP causing tubulin-GDP's concentration to increase when cells enter mitosis. Given our above observations that tubulin-GDP promotes complex formation, this increase in tubulin-GDP concentration may promote PCM recruitment. Currently, there are no tools to determine this directly. Therefore, we analyzed centrosomes of cells treated with taxol, a compound that stabilizes microtubules and reduces tubulin-GDP release into the cytoplasm^[@R35]^. As expected, taxol-treated mitotic centrosomes of Sas-4-GFP transfected cells had significantly less Cnn, whereas, mitotic centrosomes of Sas-4ΔT transfected cells were less sensitive to taxol ([Fig. 5e](#F5){ref-type="fig"}). Although taxol may affect centrosomes via multiple mechanisms, our data suggests that cytoskeleton remodeling regulates recruitment of Sas-4 complexes to centrosomes. Furthermore, treating cells with Griseofulvin, which enhances Sas-4 complex formation, increased Cnn incorporation into the centrosome ([Fig. 5f](#F5){ref-type="fig"}). Together, the taxol and Griseofulvin experiments show that modulating tubulin in cells affects PCM formation.

Our findings reveal a previously unknown function of tubulin. We show that tubulin can negatively control Sas-4 complex formation and, thereby regulate PCM recruitment. Tubulin is a molecular switch that can regulate the formation of Sas-4 complexes and the recruitment of centrosomal proteins to a developing centrosome. The data described above was used to formulate a model whereby tubulin coordinates normal PCM recruitment ([Fig. 5g](#F5){ref-type="fig"}). In the cytoplasm, tubulin-GTP binds Sas-4, which prevents Sas-4 from forming complexes with centrosomal proteins ([Fig. 5gi](#F5){ref-type="fig"}). When Sas-4 activates tubulin's GTPase, hydrolysis of tubulin-GTP into tubulin-GDP takes place; tubulin-GDP can initiate Sas-4 complex formation ([Fig. 5gii](#F5){ref-type="fig"}). Additionally, Sas-4 complex formation may be enhanced when the tubulin-GDP concentration in the cytoplasm is increased due to microtubule depolymerization ([Fig. 5giii](#F5){ref-type="fig"}). Sas-4 binding to tubulin-GDP stabilizes the Sas-4-tubulin complex by blocking the exchange of GDP with GTP. Sas-4-tubulin-GDP then interacts with other centrosomal proteins to form one of the various types of Sas-4-containing complexes ([Fig. 5giv](#F5){ref-type="fig"}). When a Sas-4 complex tethers to a centrosome, tubulin's guanine exchange activity is induced by the centrosome, causing the release of tubulin and Sas-4 and allowing the recruitment of centrosomal proteins to the centrosome ([Fig. 5gv](#F5){ref-type="fig"}).

Typical G-proteins act as molecular switches whose function depends on their GTP- or GDP-bound state. Here, during PCM recruitment, we show that tubulin acts as a molecular switch whose function depends on its GTP- or GDP-bound state. Therefore, in PCM recruitment, tubulin acts like a typical G-protein. By manipulating this switch, it may be possible to target cancerous cells, which are known to have abnormal centrosomes and PCM^[@R1]^.
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![Tubulin is present in each Sas-4 complex type\
**(a)** Immuno-purification of Sas-4 complexes from high-speed lysate (HSL) of *Drosophila* embryonic extracts using anti-Sas-4 antibody revealed associations between Sas-4 with Grip proteins that are components of γ-TuRCs: Grip91, Grip84, Grip163, Grip128, and Grip75, and γ-tubulin small complexes (γ-TuSCs): Grip91 and Grip84^[@R36]^. Embryonic extracts were used as a positive control; mouse IgG beads were used as a negative control. The use of extract depleted of centrosomes and the absence of the centriole-core protein Sas-6 indicate that the purified complexes were not centrosomes.\
**(b)** Immuno-purified Sas-4 complexes fractionate at distinct densities in a 5--40% sucrose gradient. Individual fractions are analyzed by Western blot. Tubulin co-fractionates with Sas-4 across the gradient. Co-fractionation patterns likely represent different complex types: S-CAP (Cnn, Asl, and D-PLP, proteins); dashed boxes, S-γ-TuSC, and S-γ-TuRC; dashed boxes. The fractionation pattern of S-CAP complexes in a narrow range of low-density fractions and γ-tubulin and Grip proteins fractionation at intermediate and high-densities were consistent with the previous reports^[@R5],\ [@R36]^. However, the fractionation pattern of γ-TuSC and γ-TuRC proteins complexes do not exhibit clear peaks as previously demonstrated suggesting that Sas-4 interact with assembly intermediates of γ-tubulin ring proteins.\
**(c--d)** The immuno-purified Sas-4 complexes are unlikely to be part of an unstable large complex that destabilizes during immuno-purification. HSL of *Drosophila* embryonic extract was first fractionated in a 5--40% sucrose gradient **(c)** and the immuno-purifications of the distinct Sas-4 complex types were performed on distinct fractions (marked by solid boxes and named S-CAP, S-γ-TuSCs and S-γ-TuRCs) **(d)**. Note that Sas-4 and tubulin were detected in all of the complex types. Embryonic extract was used as a positive control; mouse IgG beads were used as a negative control.\
In experiments **(a--d)**, HSLs were diluted such that the tubulin concentration was below 0.2μM in order to prevent tubulin polymerization; additionally, Sas-4 complexes were purified at 4°C in the presence of nocodazole (330 nM). In experiments **(b** and c), inverted arrows mark the corresponding peaks of the sedimentation coefficient standards.](nihms378605f1){#F1}

![Sas-4 is essential for recruiting S-γ-tubulin complexes to centrosomes\
Centriolar structures labeled by Ana-1-GFP in control testes but not in *sas-4^s2214^* null mutant testes recruit components of S-γ-tubulin complexes as tested using antibodies specific to γ-tubulin, Grip75, Grip84, Grip91 and Grip163 **(a--e)**. Dashed boxes mark the enlarged areas shown in the lower panels. Charts on the right show the fraction of Ana-1 positive centriolar structures (CS) that are also positive for the respective proteins tested in the control (gray filling) and in *sas-4^s2214^* (white filling). As described previously^[@R5]^, Ana-1-GFP-labeled centriolar structures from each testis were counted within a 20μm^2^ area that is \~25 μm away from the tip of a testis (dotted lines). The mean ± SEM of three independent testes are shown. **(a--e)** Scale bar 10 μm; and 1 μm for lower and higher magnification (inset), respectively. \*\*\* marks significant difference (P\<0.001)](nihms378605f2){#F2}

![Tubulin negatively regulates PCM recruitment\
**(a)** Comparison of the ability of Sas-4-NΔT and Sas-4-N to interact with centrosomal proteins in embryonic extracts. Increasing loading amounts of Sas-4-N (1 to 4-fold) pulls down Sas-4 interacting proteins from embryonic HSL. Sas-4-NΔT does not pull down tubulin, but pulls down approximately three times more Cnn, Asl, γ-tubulin, and Grip128 than Sas-4-N. Purified recombinant proteins are shown in Coomassie stained gels\
**(b--c)** Addition of increasing amounts of free tubulin to Sas-4-N pull down experiments from HSL proportionally inhibits Sas-4-N binding to its interacting partners (a) with an IC~50~ of 0.1--0.3 μM (b). There is no significant change in the ability of Sas-4-NΔT to bind Cnn and Asl in the presence of tubulin. CP-190 binding to Sas-4N did not change significantly; suggesting that tubulin specifically interferes with the binding of Cnn, Asl and γ-tubulin. The purified recombinant proteins used are shown in Coomassie stained gels.\
**(d)** In *Sas-4::sas-4^s2214^* testes Cnn immunoreactivity (Magenta) is not detected in interphase centrosomes. In contrast, *sas-4ΔT::sas-4^s2214^* (*sas-4ΔT*) interphase centrosomes contain Cnn. Dotted lines mark a cell boundary. Charts show the percentage of centrosomes positive for Cnn. The mean±SEM of six independent testes are shown. p\<0.001. Scale bar, 2 μm..\
**(e)** Unlike *Sas-4::sas-4^s2214^*, *sas-4ΔT::sas-4^s2214^* interphase spermatocyte centrosomes contain Cnn. Centrosomes are marked by Ana-1-tdT (Red) and Sas-4-GFP (Green). Boxes mark the magnified areas. Charts show the percentage of centrosomes positive for Cnn. The mean±SEM of six independent testes are shown, p\<0.001. Scale bar, 2 μm.\
**(f)** *sas-4ΔT::sas-4^s2214^* mitotic centrosomes have increased Cnn immunoreactivity. The chart shows centrosome size for *Sas-4::sas-4^s2214^* and *sas-4ΔT::sas-4^s2214^*, as measured by Cnn immunolabeling. The mean±SEM of six independent testes are shown. p\<0.001. Scale bar, 2μm.\
**(g)** *sas-4ΔT::sas-4^s2214^* interphase spermatocyte centrosomes emanate microtubule asters. Microtubules are stained by α-tubulin (Magenta). Boxes mark the magnified areas. The chart shows the percentage of centrosomes emanating microtubule asters in *sas-4::sas-4^s2214^* (grey) and *sas-4ΔT::sas-4^s2214^* (white). The mean±SEM of six independent testes are shown. p\<0.001. Scale bar, 2 μm.](nihms378605f3){#F3}

![Tubulin regulates Sas-4 complex formation\
**(a)** Sas-4-N GST (which includes the first 190 amino acids of Sas-4 and contains Sas-4's tubulin binding site, 0.5 μM) binds over four times as much tubulin-GDP as tubulin-GMPCPP. Purified recombinant proteins (Sas-4-N and GST) are shown in Coomassie stained gels. Note that increasing loading amounts of Sas-4-N-GST (1- to 5-fold) are shown, and that Sas-4N-GST binds tubulin as much as five-fold Sas-4-N-GST. To prevent microtubule polymerization, this experiment contained nocodazole, the tubulin concentration was below the concentration necessary for microtubule polymerization, and the Sas-4-N concentration used prevents microtubule polymerization^[@R6],\ [@R12],\ [@R25]^.\
**(b--c)** Immuno-purification of Sas-4 complexes from *Drosophila* embryonic HSL in the absence of additional nucleotides (control), or presence of additional GMPCPP, or GDP (2 mM). GDP enhances Sas-4's complex association, whereas GMPCPP reduces assembly of the Sas-4 complex **(b)**. The amount of Sas-4 was unchanged among the different experiments, however GDP enhanced the association of PCM components. Quantification of signal intensity (n=3). **(c)** The mean±SEM of three independent experiments are shown.\
**(d--e)** Tubulin in complex with Sas-4 contains GDP. Embryonic HSL was supplemented with \[α^32^p\]GTP. **(d)** Complexes purified using anti-Sas-4 antibody (Sas-4 complex) but not mock IgG (IgG) contain \[α^32^p\]GDP. In contrast, tubulin purified using an anti-tubulin antibody (tubulin) after depletion of the Sas-4 complexes, bound \[α^32^p\]GTP. **(e)** Pull down assay from HSL using Sas-4N-GST, but not Sas-4NΔT-GST, contained GDP. The detected GTP in the Sas-4 complex may be from γ-tubulin, which is a GTP binding protein. The relative increase in GTP detected in Sas-4NΔT may reflect the increase inγ-tubulin binding (see [Fig. 1a](#F1){ref-type="fig"}). Standards of GDP and GTP were run in parallel and arrowheads indicate their position.\
**(f--g)** Griseofulvin enhances Sas-4 complex formation. Immuno-purification of Sas-4 complexes fro *Drosophila* embryonic HSL treated with 250 μM Griseofulvin. The amount of Sas-4 is unchanged among experiments. Quantification of signal intensity (n=3) **(g)**. The mean±SEM of three independent experiments are shown.](nihms378605f4){#F4}

![GAP and guanine exchange activities in PCM recruitment\
**(a)** Sas-4-N functions as a tubulin GAP. Specific activity of tubulin GTPase as determined by \[Pi\] release (μM, min^-1^,μM tubulin^-1^). Since the GTPase activity is greater at low tubulin concentrations, the observed increase in GTPase activity is unlikely to be mediated by tubulin-tubulin interactions occurring during microtubule polymerization^[@R6],[@R12],[@R25]^.\
**(b)** Centrosomes induce guanine exchange of the tubulin-Sas-4 complex. \[α^32^p\]GTP was added to biotinylated-tubulin bound to Sas-4 (Sas-4-N) or not bound to Sas-4 (Sas-4-NΔT). Scintillation counting shows that the inclusion of centrosomes increases the GTP exchange of the Sas-4-tubulin complex but not free tubulin.\
**(a--b)** The mean±SEM of three independent experiments are shown.\
**(c)** Centrosomes disrupt the Sas-4-tubulin-GDP interaction. When GMPCPP or GDP is added to the Sas-4-N-biotinylated-tubulin-GDP complex immobilized to resin via Sas-4-N, biotinylated-tubulin remains bound to tubulin-GDP (upper row); likewise, when GMPCPP or GDP is added to the Sas-4-N-biotinylated-tubulin-GDP complex immobilized to resin via biotinylated-tubulin, Sas-4-N remains bound to tubulin-GDP (lower row**).** However, when centrosomes (+Cen) and GMPCPP are added together, the interaction between tubulin and Sas-4 is weakened, releasing the partner that is not immobilized to the resin; this is not observed when centrosomes and GDP are added together.\
**(d)** Centrosomes can induce Sas-4 complex disassembly allowing Sas-4 interacting proteins to remain in the centrosome while Sas-4 is released into the cytoplasm. Isolated centrosomes (Cen) were mixed with Sas-4 complexes (Com) in the presence of GMPCPP or GDP, and subjected to velocity sedimentation. Proteins bound to the centrosome are found in the pellet (P), while proteins not bound to the centrosome are found in the supernatant (S).\
**(e)** Taxol treated (1 μm) mitotic centrosomes of S2 cells have a reduced amount of Cnn (magenta). S2 cells transfected with Sas-4ΔT but not with Sas-4 are less sensitive to taxol treatment. Scale bar, 2 μm.\
**(f)** Griseofulvin treated (250 μM) mitotic centrosomes of S2 cells have an increased amount of Cnn. Scale bar 2 μm.\
**(e--f)** Signal intensity with mean±SEM of ten cells is shown.\
**(g)** Model for tubulin in regulating PCM recruitment](nihms378605f5){#F5}
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